In 1980 two groups, Cushman and Wardzala [1] , and Suzuki and Kono [2], demonstrated independently that insulin causes transfer of glucose transporters (GLUTs) from the interior of suitable cells, in these cases isolated rat adipocytes, to the plasma membrane. The original laboratories have confirmed their conclusion repeatedly, as have a number of others. The general conclusion, that insulin increases the GLUT content of plasma membranes of cells that respond to insulin with increased glucose uptake, has also been supported by observations, not only in true adipocytes, but also in 3T3-L1 adipocyte-like cells [3±5], in rodent brown fat [6] , in rat skeletal muscle [7±10], and in rat heart muscle [11, 12] .
tivity of a GLUT, such that the rate at which a GLUT transports glucose is increased. Both hypotheses have been offered many times, and both are approximately as old as the original reports of GLUT translocation. It is not my purpose to review the various points of view, or the reasons advanced by proponents of one view or another, but simply to examine pertinent reported data in the light of an essentially model-free analysis.
Although absolute values of D-glucose uptake, or of its analogues, 2-deoxy-D-glucose and 3-O -methyl-D-glucose, are measured, most reports do not present absolute values of the GLUT isoforms. For this reason, although investigators have confidence in the observed value of the ratio of densities of GLUT1, and that of GLUT4, in the plasma membrane in the presence and absence of insulin, there is less confidence in the ratio of GLUT1 to GLUT4, or in the absolute value of either, except in those few reports in which assays of the two GLUTs have permitted quantitative comparison between (GT1) and (GT4), the density or concentration of the two GLUTs in the plasma membrane.
It is an experimental observation, in those reports in which all three ratios were measured, that the ratios of values with insulin to those without insulin stand in the following order: glucose uptake ratio > plasma membrane GLUT4 ratio > plasma membrane GLUT1 ratio (see Table 1 for references). Some investigators have used this inequality to mean (i) that translocation of GLUT to the plasma membrane does not entirely account for insulininduced glucose uptake and that one must therefore hypothesize that insulin increased GLUT intrinsic activity. Others conjecture that (ii) past technical problems, which progress has tended to overcome mainly by use of impermeant markers of cell surface GLUT, were responsible for the discrepancy, and that, because the ratio of GLUT4 seemed to be ap-proaching that of glucose uptake (and in a few cases equaling it, although not in reports in which GLUT1 was also measured), translocation of GLUT4 to the plasma membrane accounts for all, or nearly all insulin-induced increase in glucose uptake. The assumption, which turns out to be wrong, in this conjecture is that all that is necessary is that the fold increase in plasma membrane GLUT4 be as great as that of glucose uptake. Others suggest (iii) that the discrepancy between insulin-induced fold increase in glucose uptake and that of plasma membrane GLUT4 might be accounted for if the intrinsic activity of GLUT4 exceeds that of GLUT1, and that the insulin-induced increase in plasma membrane GLUT4 might, in this way, completely account for the increased glucose uptake. My purpose is to test these three conjectures. The analysis demonstrates that if published data are reliable for purposes of this analysis, conjectures (ii) and (iii) must be rejected.
The strategy of my analysis is: (a) to set up a modelfree relationship between glucose uptake and cell plasma membrane GLUT1 and GLUT4 densities which includes the case in which insulin increases the intrinsic activity of one or both GLUT isoforms, and which assumes only that glucose transport in the tissues examined is mediated only by GLUT1 and GLUT4, (b) then to assume that insulin makes no change in GLUT intrinsic activity. If this assumption makes it possible for the increase in plasma membrane GLUT density to account completely for observed glucose uptake, then the question is answered; thus, it would not be necessary to propose that there is an additional effect of insulin to increase glucose uptake. On the other hand if the analysis reveals a discrepancy between observed glucose uptake and that portion of it that can be attributed to recruitment of GLUT to the plasma membrane, the answer to the question is, with a caveat noted later, that some additional effect of insulin is required, and we may be able to state quantitatively how big a role recruitment plays.
Definitions, syntax, and equations
The rate Q, at which glucose is transferred across a cell membrane by any given GLUT isoform is dissected as the product of some average number r, of molecules of glucose transported per unit time per molecule of the GLUT isoform and the number of molecules of the isoform (GT), per cell surface (or other reference base):
This is a statement of syntax, a definition of r. As such, it can be neither true nor false. (An example of statements of syntax: we agree that it is useful to construct a sequence of numbers we shall call ªcountingº numbers. For example, we agree that the counting number we shall call 3 is constructed by adding the number 1 to the number 2.) No assumptions are made about processes underlying the content of any of the three variables in eq(1). This, then, is a model-free analysis. The factor r has dimensions of 1/time; that is, it has dimensions of a rate coefficient, and it has the meaning of turnover number, as that expression is used in enzymology. It is a coefficient, not necessarily a constant. Although we are not concerned here with its possible internal structure, we know that r is at least a function of D-glucose concentration, because glucose uptake is a saturable process. We accept that r is an average rate coefficient because, in a given population of a specified GLUT isoform, it is not required that every GLUT be transporting glucose at the same rate. I will use the term ªintrinsic activityº interchangeably with ªturnover numberº. (Although others have used these two terms just as I am using them, still others i Same techniques as in previous experiment but in transgenic mice overexpressing GLUT4. j Glucose uptake by perfused hindlimb muscles; GLUT assayed in mixed muscle PM.
k Glucose uptake ratios varied over the indicated range in four sets of experiments on excised whole soleus muscles; GLUT assayed in PM have used them to mean something different.) Note again that no mechanism by which GLUT transports glucose is implied in the factor r or in eq(1).
Our interest is in those cell types that respond to insulin by increasing glucose uptake and that have two GLUT isoforms GLUT1 and GLUT4. With respect to the contribution to observed glucose uptake made by translocation via GLUT1, eq(1) takes the form Q1 = r1(GT1). Similarly, the contribution made by GLUT4 is Q4 = r4(GT4). If GLUT1 and GLUT4 are the only GLUT isoforms in the cell under study, then the experimentally observed glucose uptake Q, is the sum of (unmeasured) glucose uptake via GLUT1 and via GLUT4: Q = r1(GT1) + r4(GT4). This simply states that we require that there be no way in which D-glucose can be transported into the cells under study except via GLUT1 and GLUT4.
Now consider the components of observed glucose uptake during the basal state, indicated by subscript b, and during acute response to insulin, indicated by subscript i. This produces the pair of equations
which has the 4 unknown r s, whose value, therefore, cannot be determined uniquely.
There are several ways to proceed from this point.
(a) When we make the assumption that insulin has no effect on the turnover number, we reduce the number of unknowns to two: r1 º r1 b = r1 i and r4 º r4 b = r4 i . The pair of simultaneous linear equations (2) can now be solved explicitly for r1 and r4 by the usual methods. When we plug in numerical values from the literature, we find that either r1 or r4 < 0, or r1 = 0. Because these are inadmissible results (the r s must be greater than 0), the assumption that insulin has no effect on turnover number must be rejected.
This analysis, although stating that translocation is not the whole story, does not give us an idea of what fraction of insulin-induced glucose uptake translocation might account for.
(b) Divide eq(2 b) by eq(2 a), right hand side by right hand side and left hand side by left hand side, and rearrange to express insulin effects in terms of ratios so that we can make use of reported data:
We now assume that insulin has no effect on the turnover numbers. Eq(3) now simplifies to
where a º r4/r1. Both sides of eq(4) must be positive or both sides must be negative. It is a consistent observation in all reports that (Table 1 ). Therefore, with that knowledge and from eq(4) it follows that if the underlying assumptions are correct there must then be the following sequence of inequalities:
Inequality (5) states that so long as
. From eq(4) if the assumptions are correct the only condition under which it can be observed that
, one or more of the assumptions must be rejected.
There are a few reports from which one can calculate the size of the ratio ª(GT4) i /(GT4) b º that is required if insulin has no effect on turnover number, and the ratio ª(Q i /Q b )º, which is that part of the observed (Q i /Q b ) that can be ascribed only to translocation of GLUT to the plasma membrane. It is the value we should have found for (Q i /Q b ) if there had been no increase in GLUT intrinsic activity.
Rearrange eq(4) to make explicit the fold increase in (GT4) required if the observed insulin-induced increase in glucose uptake is to be accounted for entirely by GLUT recruitment to the plasma membrane:
Another rearrangement of eq(4) makes explicit the ratio of glucose uptake with and without insulin that can be ascribed purely to increased plasma membrane GLUT:
Values for glucose uptake ratios and the various GLUT densities and their ratios appear in Table 2 .
On the right-hand side of eqs (6) and (7) there remains the as yet unknown parameter a, the ratio r4 b / r1 b . There are three reports that supply data from which the ratio a can be calculated. From data of Palfreyman et al. [13] on 3T3-L1 adipose-like cells, in their , and r4 b = 1.7, whence a = 0.63, which is not statistically significantly different from 1. The third report [29] , also on Xenopus oocytes transfected to overexpress GLUTs, supplies only the ratio r4 b /r1 b , a = 0.45, which was significantly less than 1. It is difficult to know how much confidence to place in any of the reported values for turnover number of a specified GLUT isoform because calculations have been made on the basis of ratios of calculations remote from the primary data (assumption of Michaelis-Menten kinetics), and under decidedly artificial circumstances, which may or may not reflect the relative intrinsic activities under more normal conditions. Nevertheless, the mean value of r4 b / r1 b from the three reports is 0.9, not different from 1. Therefore, the calculations presented in Table 2 use a = 1. Even if a is as large as 2, and there are no data to point to its being larger the general conclusion is sustained that translocation alone is inadequate to account for a substantial portion, perhaps even most, of insulin-induced glucose uptake if the assumption is correct that only GLUTs 1 and 4 are involved.
Among the five reports summarized in Table 2 , the concentration of GLUT4 in plasma membrane in response to insulin state would have to have been from 2 to~7 times greater than actually observed if translocation of GLUT to the plasma membrane were to account for the observed increase in glucose uptake. Calculations in Table 2 also show that if insulin had no effect on GLUT intrinsic activity, the fold increase in glucose uptake due to translocation alone would have ranged from 17 to 59 % of that actually observed, with an average of about 35 to 40 %; that is, from the data in the five reports summarized in Table 2, insulin-induced increase in GLUT intrinsic activity accounts for more than half the observed increase in glucose uptake.
There is a comment in one report, which it is not necessary to cite in detail, that articulates what seems to be a common misunderstanding. Some investigators hold that it is of no practical importance whether insulin increases GLUT intrinsic activity, because insulin increases plasma membrane GLUT4 by some 15±20 fold, at least in rat adipocytes, and even if insulin did increase GLUT intrinsic activity in those cells, it is probably only by a factor of about 2. These investigators argue that a two fold increase is so small compared to a 15±20 fold that it must be of no practical consequence. This argument is irrelevant. It does not matter how large the insulin-induced fold increase in plasma membrane GLUT4 may be, or how small the fold increase in GLUT4 intrinsic activity. If the increase in plasma membrane GLUT4 density accounts for less than half the observed increase in glucose uptake and insulin-induced increase in GLUT intrinsic activity accounts for at least the other half, then the two insulin-induced processes play approximately equally important roles in producing insulin-induced glucose uptake. If insulin did not increase GLUT intrinsic activity, insulin-induced glucose uptake would only be about half or less of the glucose uptake actually observed.
Are the data good enough for the analysis performed here?
Before we discuss the analysis and its results, it is important to consider whether available data are suitable for this sort of analysis. In general, determination of glucose uptake and of insulin effect upon it are carried out under different conditions than those for quantitative determination of plasma membrane GLUT or their ratios with and without insulin. For example, in most cases glucose uptake is determined on a whole cell or population of cells, but plasma membrane GLUT densities have often been determined on preparations obtained by subcellular fractionation by density gradient centrifugation. Even when plasma membrane GLUT densities have been ªGT4 i /GT4 b º, the ratio necessary if insulin-induced translocation of GLUT4 to the plasma membrane were to account entirely for the observed increased glucose uptake. ªGT4 i º/ GT4 i , the factor by which observed GT4 i must be multiplied if insulin-induced translocation of GLUT4 to the plasma membrane were to account entirely for the observed increased glucose uptake. ªQ i /Q b º, the fold increase in glucose uptake that would have been observed if translocation of GLUT1 and GLUT4 were the only means by which insulin increased glucose uptake. %ªQ i º/Q i , the percent of observed glucose uptake in the presence of insulin that can be accounted for only by translocation of GLUTs to the plasma membrane. a This report gives two values for glucose uptake; the higher value (upper of the two rows) was obtained with 20 mmol/l glucose, the smaller value with 5 mmol/l.
b Plasma membrane preparations pooled from rat soleus and red and white gastrocnemius assessed by use of impermeant markers on the cell surface, there are more and different manipulations of the cells than for measurement of glucose uptake. An exception is the technique used in Horton's laboratory [21] in which both glucose uptake and GLUT densities are measured on preparations of rat skeletal muscle plasma membranes. A caution about Horton's method is that glucose uptake by the membrane preparation may underestimate whole muscle glucose uptake, as it has been reported to do, by a factor greater than 3, in a comparison of glucose uptake in intact rat adipocytes glucose uptake in intact rat adipocytes with that in a plasma membrane fraction [30] .
Prudence is also warranted in view of the small number of observations in much of the reported data. It is common for one category of experiment to have been carried out only three to five times; in one study, only once. Although this frugality may be justified by the technical complexity required, the numbers of observations in any one report may be too small, particularly in view of the great variations cited below, to justify confidence in the result.
There are also large differences in basal activity and in response to insulin among cell types (see Table 1) , and between species, and with respect to age, all of which make it difficult to generalize. Some steps in assays of plasma membrane GLUTs may cause shift of GLUT. An example is translocation of skeletal muscle intracellular GLUT to the plasma membrane with hypoxia or muscle contraction [31, 32] , both of which may occur during preparation of muscle for GLUT determination. Some artefact may be responsible for the wide variation in reported basal plasma membrane GLUT4 concentration. For example, in a meticulous study of 3T3-L1 adipocyte-like cells, Calderhead et al. [15] found a six-fold range among five experiments in basal GLUT4 cell surface density. There could even be wide variation between duplicates in the same experiment, especially when GLUT4 density was small; duplicates differed by as much as 100 %. Apparently there has been some uncontrolled variable.
Assessments of glucose transport and GLUT have been done under a variety of circumstances, that also handicap generalization. In some reports glucose uptake is measured over a range of glucose concentrations from moderately below levels at which clinical hypoglycaemia occurs to levels 10 times normal basal, in others glucose concentrations are less than 1 % of normal basal (for the purpose of maintaining a negligible glucose concentration compared to purported equilibrium constant or Michaelis-Menten constant of GLUT-glucose reaction), and in some the ambient glucose concentration is normal basal.
If conclusions from the analysis of the data presented here turn out to be incorrect, the fault will be that presently available data on GLUT densities are artifactual, in the sense that conditions under which they were measured make the data inappropriate for comparison with glucose uptake. Despite the possibility that the database may prove to have been inappropriate, the data used for Tables 1 and 2 are what is available. The syntactical statements by which the data are analysed here will remain no matter what may or may not happen to the database; that is, it will be appropriate to analyse new data by the same set of syntactical statements as provided here.
If available data are not good enough for the analysis performed here, then they are also not good enough to justify any positive response to the question, does GLUT translocation account for the entire effect of insulin in stimulating glucose uptake?
What if there are more than two GLUT isoforms in muscle and/or adipocytes?
We concluded that one or both of the assumptions underlying our analysis of the data must be wrong because they led to inadmissible results. There were only two assumptions: (a) that no glucose is transported into any insulin-responsive cell except via either GLUT1 or GLUT4, and (b) that insulin has no effect on intrinsic activity of a GLUT to transport glucose. If there were one or more other GLUT isoforms present, would that invalidate the conclusion?
By steps similar to those that led to expression of eq(4), we arrive at a general expression for the case in which there are n GLUT isoforms in the plasma membrane, where n is any integer L 1:
where we retain the assumption that insulin has no effect on any turnover number, so that each r ki = r kb º r k . Analysis of the data in Tables 1 and 2 assures us (as far as available data can assure us) that if there is a GLUT isoform whose plasma membrane density in response to insulin increases by a greater fold than glucose uptake, it is not GLUT1 or GLUT4.
If insulin does not increase at least one turnover number there must be at least one term in eq (8) in which (GT k ) i /(GT k ) b is greater than (Q i /Q b ) and sufficiently greater to compensate for all those terms in which
There is reason to take the family of r s as not very different, based on published comparison of turnover numbers for GLUT1 and GLUT4. This implies that, if there is but a third GLUT isoform present, it must be abundant in the plasma membrane before exposure to insulin, as well as having a larger fold increase in plasma membrane density than the fold increase in glucose uptake. If this were so, it is likely, but not certain, that its presence would have been detected by now, as one has been in tissues other than those listed in Table 1 . Palfreyman et al. [13] report that, on the basis of photolabelling plasma membrane GLUTs from 3T3-L1 adipocyte-like cells and immunoprecipitation of GLUTs 1 and 4, less than 20 % of the photolabelled GLUT remained unprecipitated. Presumedly, this fraction represents some combination of unprecipitated GLUTs 1 and 4 and perhaps unidentified other isoform(s). Unfortunately, it is not stated whether this observation applies to conditions both before and in response to insulin. Assume that the less than 20 % figure applies at least to basal conditions. Even if this entire fraction were a third GLUT isoform, and if this isoform were translocated to the plasma membrane in increasing numbers in response to insulin so that its fold increase in the plasma membrane exceeded the fold increase in glucose uptake, from the data of Palfreyman et al. [13] one can calculate that this unidentified GLUT would have to constitute more than 80 % of plasma membrane GLUT in response to insulin to satisfy the requirement of eq (8) that there be no insulin effect on turnover number. On the other hand, if the unidentified GLUT were as much as 20 % of plasma membrane GLUT in response to insulin and its fold increase exceeded that of glucose uptake and insulin had no effect on turnover number, it would have been less than 2 % of basal GLUT, and its influence on eq (8) would have been negligible.
Although there are not yet sufficient data to be entirely confident, even if a third GLUT isoform is present it is likely to be at too small a density to affect the result of our analysis. From which we conclude, with only the reservation expressed in the previous sentence, that the inadmissible result demonstrates that insulin must have increased GLUT intrinsic activity.
Previous reports of GLUT turnover numbers
There have been three reports of efforts to find numerical values for GLUT1 and GLUT4 turnover numbers. There is only one report of an effort to determine effects of insulin on the isoform-specific turnover number, by Palfreyman et al. [13] , adopting a model proposed by Calderhead et al. [15] . In accordance with an assumption commonly made before discovery of GLUT isoforms, Calderhead et al. [15] assumed that glucose transport via GLUTs 1 and 4 follows the steps required by the simplest MichaelisMenten model. This yielded a pair of equations containing eight unknowns. Calderhead et al. [15] wisely concluded that there were too many unknowns to yield to numerical evaluation.
Palfreyman et al. [13] hit upon ingenious methods to estimate numerical values for the eight unknowns: data analyses requiring combinations of graphic analysis of plots, intended to linearize, and searches for best least-squares fit. However, in most of the plots the data points appear to be not best fit by a straight line but by a monotonic curve, concave downward, perhaps asymptotic. On the other hand, a plot that ought not be linear, if the Michaelis-Menten model is correct, does seem to be linear. For those reasons, and because the final calculated value has had to be derived from a number of laboratory manoeuvers and a number of data analytical steps, and the analysis is model-dependent, it is not clear to what extent the calculated numerical values for the system parameters are reliable. Their analysis leads them to some surprising conclusions, in conflict with most other reports, for example, that GLUT1 became the major transporter in response to insulin, rather than GLUT4, which is reported in the overwhelming bulk of the literature to be the major insulin-responding GLUT.
From the data of Palfreyman et al. [13] we can calculate numerical values for the set of r s at various glucose concentrations. Over a range of hypothetical glucose concentrations from 0.05 to 100 mmol/l r1 i / r1 b grows from 4 to 4.7, while r4 i /r4 b remains at about 1.4. Glucose uptake values, the family of Q s, can be calculated from illustrated plots in Palfreyman et al. [13] and from tabulated values of the MichaelisMenten parameters. Ratios of Q i /Q b vary from~15 to~19, depending largely on glucose concentration. In Table 2 , calculation of the fraction of insulin-stimulated glucose uptake accounted for by enrichment of plasma membrane GLUT density used an average value for a = r4/r1 = 1. This leads us to the estimate that in the experiments of Palfreyman et al. [13] translocation of GLUT to the plasma membrane accounted for 27 % of insulin-stimulated glucose uptake, and increased GLUT intrinsic activity accounted for more than 71 %. If, instead, we set a = 1.69, the value reported by Palfreyman et al. [13] for an equivalent ratio at maximum glucose concentration, GLUT translocation accounted for 32 % of observed insulin-stimulated glucose uptake and increased intrinsic activity accounted for 68 %.
Unless the model-free analysis presented here is in error, its practical conclusion is that investigators ought to seek to understand the mechanism by which insulin increases GLUT intrinsic activity with as much vigor and ingenuity as they sought and seek mechanisms of translocation.
